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 DQG &KLQD 0DUNHW5HSRUW1R$ %DPERRLVFRQVLGHUHG WREH D UDSLG UHQHZDEOHDQGVXVWDLQDEOH
ELRPDVVPDWHULDO LQ VHYHUDO ILHOGV RZLQJ WR LWV VKRUW JURZLQJSHULRG DV FRPSDUHG WR PRVWZRRGVSHFLHV %DPERR
&KDUFRDO %& KDVDQXPEHURI EHQHILFLDO FKDUDFWHULVWLFVZKLFK LQFOXGHV KLJKHOHFWULFFRQGXFWLYLW\ VHOIOXEULFLW\
DQG FDQEHXVHGDVDIULFWLRQPDWHULDODQGDQHOHFWURPDJQHWLFVKLHOGPDWHULDODVUHSRUWHGE\ 2NDEH DQG6DLWR
$VGHVFULEHG E\ 0L]XWDHWDO  DQG $EH HWDOLW DOVRKDVKLJKDEVRUSWLRQFKDUDFWHULVWLFVZKLFKPDNH
EDPERRRQHRIWKHPRVWSRSXODUELRUHVRXUFHV DQG DFDQGLGDWHIRUDSSOLFDWLRQ LQYDULRXV PHGLFDOGHYLFHV
6LOYHULRQVKDYHORQJEHHQNQRZQWRSRVVHVVVWURQJDQWLPLFURELDODFWLYLWLHV)HQJHWDO *DRQNDU HWDO
6LOYHUEDVHGDQWLEDFWHULDOFRPSRVLWHVKDYHWRUHOHDVH$J WRDSDWKRJHQLFHQYLURQPHQW LQ RUGHUWREHHIIHFWLYH7KH
R[LGDWLRQRIPHWDOOLF VLOYHU WR WKHDFWLYH VSHFLHV$J LVSRVVLEOH GXULQJ WKH LQWHUDFWLRQRI VLOYHU PHWDO ZLWKZDWHU
PROHFXOHV +HQFH WR DFKLHYH D ORQJHU GHOD\HG WLPH VLOYHU LV LPPRELOL]HG RQ SRURXV KRVWV ZKLFK PDNHV VLOYHU
VXSSRUWHGPDWHULDOV D JUHDWSRWHQWLDOIRUDQWLEDFWHULDODSSOLFDWLRQV :DQJHWDO  $QWLEDFWHULDODJHQWVEDVHGRQ
RUJDQLF PDWHULDOV GR QRW SRVVHV KLJK FKHPLFDO GXUDELOLW\ ,JQDWRYD HW DO  +RZHYHU WKH XVH RI VLOYHU
VXSSRUWLQJ LQRUJDQLF PDWHULDOV VXFK DV ]HROLWHV FDOFLXP SKRVSKDWH VLOLFD DQG FDUERQ ILEHU FDQ RYHUFRPH WKLV






6DPSOHVRI 'HQGURFDODPXVVWULFWXV ZHUH REWDLQHG IURP 1,7.6XUDWKNDO,QGLDDQGSURFHVVHGDVVKRZQLQ)LJ D
	 E8QWUHDWHG VDPSOHV ZHUH GLVLQWHJUDWHG LQWR ILQH SRZGHU DQG VLHYHG WKURXJK  PHVK VFUHHQV IRU LWV
FKHPLFDOFKDUDFWHUL]DWLRQ,WZDVIXUWKHUGULHGLQKRWDLURYHQDW WHPSHUDWXUHRI&IRUKUV3\URO\VLVRI WKH
DYDLODEOHELRPDVVZDVSHUIRUPHGDW & LQ WKHSUHVHQFHRI1 IRU KUV LQ D EDWFK UHDFWRU7KHSUHSDUHG%&
SRZGHUZDVWKHQDOORZHGWRFRRODWURRPWHPSHUDWXUHIRUKUVILQDOO\GU\DQGEODFN%& ZDVREWDLQHG
)LJ D 'HQGURFDODPXVVWULFWXV 3RZGHUEHIRUH3\URO\VLVE %DPERR&KDUFRDO3RZGHU$IWHU3\URO\VLV
 3UHSDUDWLRQ RI%DPERR&KDUFRDO6LOYHU&RPSRVLWHV
%&SRZGHU ZDVDFWLYDWHGE\DGGLQJVRGLXP DOJLQDWH XQGHUVWLUULQJFRQGLWLRQV 7KLV DFWLYDWHG%&SRZGHUJZDV
WKHQ LPPHUVHG LQ P/ RI ELDPPLQH VLOYHU QLWUDWH >$J 1+@ 12 VROXWLRQ SUHSDUHG E\ DGGLQJ  ZW 
DTXHRXV 1+ WR$J12 VROXWLRQDWURRPWHPSHUDWXUH7KLV IDYRUV DQLQFUHDVHGQHJDWLYHVXUIDFHFKDUJHRI%&LQWKH
EDVLF >$J 1+@12 VROXWLRQDQGLQWHUDFWLRQRIWKH1+ OLJDQGVRI>$J 1+@ FRPSOH[HV ZLWKWKHVXUIDFHRI
%&YLDK\GURJHQERQGV 7ZRGLIIHUHQWUDWLRVRI %&$J12 ZHUHSUHSDUHGDSSUR[LPDWHO\LQZHLJKWUDWLRVHTXDOWR
 DQG  6WLUULQJ ZDV FRQWLQXHG IRU  KU IROORZHG E\ DGGLWLRQ RI GLOXWH DTXHRXV VROXWLRQ RI K\GUD]LQH
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PRQRK\GUDWH WR WKH%&>$J1+@12 VROXWLRQ LQDSSURSULDWHTXDQWLWLHV PRODU UDWLRZLWK UHVSHFW WR VLOYHU
QLWUDWH $IWHUIXUWKHUVWLUULQJWKHVROXWLRQIRUKUVWKH%&$JSDUWLFOHVZHUHVHSDUDWHGDQGZDVKHGZLWKGHLRQL]HG















3KDVHLGHQWLILFDWLRQRIFRPSRVLWHVZDVSHUIRUPHGXVLQJ;UD\GLIIUDFWLRQZLWK&X .ĮUDGLDWLRQȜ  c7KH
GLIIUDFWHGLQWHQVLWLHVZHUHUHFRUGHGIURPWR șDQJOHV7KHVL]HVRI%&$J&RPSRVLWHVZHUHDOVRHVWLPDWHG
XVLQJ6KHUUHU¶V(TXDWLRQ
 FRV.W O E T 
Ĳ LVWKHPHDQVL]HRIWKHRUGHUHGFU\VWDOOLQHGRPDLQV . LVDGLPHQVLRQOHVV VKDSHIDFWRU Ȝ LVWKH ;UD\ ZDYHOHQJWK
ȕ LVWKHOLQHEURDGHQLQJDWKDOIWKHPD[LPXP LQWHQVLW\ ):+0DIWHUVXEWUDFWLQJWKHLQVWUXPHQWDOOLQHEURDGHQLQJ
LQ UDGLDQV7KLVTXDQWLW\LVDOVRVRPHWLPHVGHQRWHGDVǻș$QG ș LVWKH %UDJJ DQJOH
$VFDQQLQJ HOHFWURQPLFURVFRSH6(0+LWDFKL6HTXLSSHGZLWKDQHQHUJ\GLVSHUVLYH;UD\(';+LWDFKL 6
PLFURDQDO\VLVV\VWHPZDVXVHGWRH[DPLQH WKHPRUSKRORJ\RI%&DQG%&$JFRPSRVLWHV'HWHUPLQDWLRQRI
WKH%UXQDXHU±(PPHWW±7HOOHU %(7VSHFLILF VXUIDFHDUHDV 6%(7RI WKHFRPSRVLWHVZDVGRQHE\D129$H





561 Soubhik K. Bardhan et al. /  Procedia Materials Science  5 ( 2014 )  558 – 566 
7KHDQWLPLFURELDODFWLYLW\RI %&$JFRPSRVLWHVZHUH DVVHVVHG XVLQJZHOOGLIIXVLRQDVVD\ 3DO HWDO DJDLQVW
KXPDQSDWKRJHQVOLNH 3VHXGRPRQDV DHUXJLQRVD 6WDSK\ORFRFFXV DXUHXV (VFKHULFKLD FROL DQG 3VHXGRPRQDVSXWLGD
REWDLQHGIURP 0LFURELDO7\SH&XOWXUH&ROOHFWLRQ07&& ,07(&+&KDQGLJDUK 3XUHFXOWXUHVRIEDFWHULDZHUH
JURZQ LQ0XHOOHU +LQWRQEURWKDW&RQD URWDU\ VKDNHUDW USP(DFKVWUDLQZDV VZDEEHGXQLIRUPO\RQWR
LQGLYLGXDODJDUSODWHV PPGLDPHWHUZHOOVZHUHPDGH XVLQJDFRUNERUHUDQG %&$JDQG%&$J ZHUH ORDGHG
LQWR VHSDUDWH ZHOOV 7KH VWDQGDUG DQWLELRWLF 6WUHSWRP\FLQ ZDV DOVR ORDGHG DV SRVLWLYH FRQWUROV DORQJZLWK%& DV
QHJDWLYH UHIHUHQFH7KH SODWHV LQ WULSOLFDWHVZHUH LQFXEDWHG DW & 7KH VXVFHSWLELOLW\ RI WHVW KXPDQ SDWKRJHQLF
PLFURRUJDQLVPV ZDV GHWHUPLQHG E\ PHDVXULQJ WKH GLDPHWHU RI WKH ]RQH RI LQKLELWLRQ XVLQJ YHUQLHU FDOLSHU
 5HVXOWVDQG'LVFXVVLRQ
 ;5'$QDO\VLVRI%&$J&RPSRVLWHV
7KH;5' VSHFWUD RI WKH%&$J FRPSRVLWHV ZHUH LQ JRRG DJUHHPHQW ZLWK WKH YDOXHV IRU$J13V DV UHSRUWHG E\
.KDQQD HW DO 7KHGLIIUDFWLRQSHDNV DURXQGș   DQG ZHUHGXH WR WKH DPRUSKRXVSKDVHRI%& DV
VKRZQLQ)LJ D )XUWKHUPRUH DVHYLGHQW IURP)LJE	FRQ LQFUHDVLQJWKHDPRXQWRI$J12 LQWKHFRPSRVLWH
LQGXFHG WKH REYLRXV HQKDQFHPHQW RI WKH FKDUDFWHULVWLF SHDNV RI VLOYHU LPSO\LQJ WKH GHYHORSPHQW RI ODUJHU DQG
KLJKO\FU\VWDOOLQH$J13V 7KHSURPLQHQWSHDNVDWș YDOXHVRIDERXWDQGUHSUHVHQW
WKHDQG%UDJJ¶VUHIOHFWLRQVRIIDFHFHQWHUHGFXELFFU\VWDOOLQHVLOYHU7KHVL]HRIWKH
QDQR$JJUDLQVZHUHFDOFXODWHGXVLQJ6FKHUUHU¶V IRUPXODDQGZHUH IRXQG WR OLHEHWZHHQ QP ZKLFK LV LQ
DFFRUGDQFHZLWKWKHUHVXOWVRI <DQJHWDO
)LJ  ;5'VSHFWUDRID%&SRZGHUE%&$JF%&$J
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 6FDQQLQJ(OHFWURQ0LFURVFRS\RI %&$J&RPSRVLWHV
7KH VXUIDFH PRUSKRORJ\ DQG VL]H GLVWULEXWLRQ RI WKH VLOYHU GHSRVLWHG RQ WKH %& VXUIDFH ZHUH HYDOXDWHG XVLQJ
6FDQQLQJ(OHFWURQ0LFURVFRSH6(0$VVKRZQLQ)LJ DSXUH%&KDVDSRURXVVXUIDFH ZKHUHDV RQDGGLWLRQRI
VLOYHUWRWKH%&PDWUL[ILQHDQG GLVDJJUHJDWHGQDQRVL]HGVLOYHUSDUWLFOHVPRVWO\LQWKHUDQJHRIQPZHUHVHHQ
WREHKRPRJHQHRXVO\GLVWULEXWHGRQ LWV VXUIDFH DVJLYHQ LQ)LJ E	F7KHSUHVHQFHRI$J LQ%&PDWUL[ZDV
IXUWKHUFRQILUPHGE\(';DQDO\VLV )LJG 7KHZHLJKWRI $J DQG6%(7 RI%&$JFRPSRVLWHVREWDLQHGIURP
('; DQG 6XUIDFH$UHD$QDO\]HU LV JLYHQ LQ 7DEOH $V WKH LQLWLDO FRQFHQWUDWLRQ RI $J12 ZDV LQFUHDVHG $J
FRQWHQWLQ%&$JDOVRLQFUHDVHG7KH6%(7 RI%&$JFRPSRVLWHVGHFUHDVHGIURP PJIRU%&WR PJIRU
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7DEOH  6%(7 DQG:$J  IRU%&%&$JDQG%&$J
6DPSOH 3UHSDUDWLRQ&RQGLWLRQV : $J  6%(7PJ
%&J $J12J
%&    
%&$J    
%&$J    
 )7,5 6SHFWURVFRSLF $QDO\VLVRI%&$J&RPSRVLWHV
7KHVSHFWUXPRI%&DQG WKH%&$JFRPSRVLWHV DVVKRZQ LQ )LJ LQGLFDWHV WKHSUHVHQFHRIDQXPEHURIDWRPLF
JURXSV DQG VWUXFWXUHV 2+ &+ & 2&2& DQG VR RQ DV UHSRUWHG E\ YDULRXV UHVHDUFKHUV %DFRQ DQG7DQJ
 3ROLWRX HWDO 6KXOLDQJHWDO *yPH]6HUUDQR HWDO 7KHSRVLWLRQDQGVKDSHRIWKHEDQGDW
FPDUHFRPSDWLEOHZLWKWKHLQYROYHPHQWRIWKHK\GUR[\OJURXSVLQK\GURJHQERQGLQJ7KHSUHGRPLQDQWIRUP
RIK\GURJHQERQGHGVWUXFWXUHLQEDPERR ZDV WKHVHOIDVVRFLDWHG2+JURXSVDVLQWKLVFDVHWKHEDQG ZDVFHQWHUHGDW
 FP 7KH SUHVHQFH RI2+HWKHU K\GURJHQ ERQGVZKLFK DEVRUE LQIUDUHG UDGLDWLRQ DW DURXQG  FP ZDV
FRQILUPHG E\ WKH IDFW WKDW WKH EDQG DW  FPZDV VOLJKWO\ EURDGHU WKDQ EDQGV FRUUHVSRQGLQJ WR ORZHUZDYH
QXPEHUV7KHSHDNDWFPFRUUHVSRQGVWR&+VWUHWFKLQJDQGWKDWDWFPFRUUHVSRQGVWR& &VWUHWFKLQJ
7KH WULRRIZHOOUHVROYHGSHDNVDW FP FPDQGFPDUHDQLQGLFDWLRQRIWKHSUHVHQFHRIDURPDWLF&+
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 5HOHDVH RI $J DQG LWV$QWLEDFWHULDO$FWLYLW\
$QWLPLFURELDO SURSHUW\ RI $J ZDV IRXQG UHODWHG WR WKH DPRXQW RI $J DQG WKH UDWH RI $J UHOHDVHG $J LQ LWV
PHWDOOLF VWDWH LV LQHUW EXW LQ SUHVHQFH RI PRLVWXUH LW JHWV LRQL]HG ZKLFK FDQ FDXVH FHOO GLVWRUWLRQ DQG GHDWK RI
EDFWHULDOVSHFLHV)LJVKRZVWKHTXDQWLWDWLYHHVWLPDWLRQRIWKHQHW $J UHOHDVHG IURPJRIWKHUHVSHFWLYHVDPSOHV
LQ D / DTXHRXV HQYLURQPHQW 7KH FDOLEUDWLRQ FXUYH ZDV REWDLQHG E\ SORWWLQJ WKH LQWHQVLW\ RI DEVRUSWLRQ DV D
IXQFWLRQRI WKH $J FRQFHQWUDWLRQFRUUHVSRQGLQJ WR VWDQGDUG $J VROXWLRQXVLQJ $$6 ,QLWLDO UDSLG LQFUHDVH LQ WKH
$J UHOHDVH ZDV REVHUYHG WLOO WKH WK KU IROORZHG E\ D VWHDG\ LQFUHDVH XS WR WK KU DIWHU ZKLFK LW ZDV IRXQG
GHFUHDVLQJ7KH$J UHOHDVHLQFUHDVH ZDVIRXQGWREHPRUHUDSLGIRUWKRVHFRPSRVLWHVKDYLQJKLJKHUVLOYHUFRQWHQW
ZKLFK FDQEH DWWULEXWHG WR WKH ILQHU DQGPRUHXQLIRUPGLVSHUVLRQ PRUSKRORJ\RI WKH VDPSOHV FRQWDLQLQJKLJKHU
SHUFHQWDJHRI6LOYHU 7KH UHGXFWLRQRIDJJORPHUDWLRQSUREDEO\ UHVXOWV LQ WKHGLVSHUVLRQ PRUSKRORJ\EHLQJ ILQHU
DQG PRUH XQLIRUP +HQFH WKH ZDWHU PROHFXOHV HQWHULQJ WKH VSHFLPHQ LQWHUDFW ZLWK PRUH RI WKH VLOYHU VXUIDFH
HQDEOLQJWKH ODWWHUWRXQGHUJRR[LGDWLRQWR$J LRQV7KHFKDQJHLQUDWHRIZDWHUGLIIXVLRQDQGFRQVHTXHQWSK\VLFDO
FKDQJHVRIWKHDVVRFLDWHGVDPSOHVFDQH[SODLQWKLVUHVXOWHIIHFWLYHO\/LHWDO
)LJ  $J ,RQUHOHDVHDVDIXQFWLRQRI7LPHDQG FRQFHQWUDWLRQR %&$J &RPSRVLWHV
7KH DQWLEDFWHULDO HIILFDF\ RI WKH %&$J FRPSRVLWHV DJDLQVW YDULRXV KXPDQ SDWKRJHQLF RUJDQLVPV ZDV DVVHVVHG
EDVHGRQ WKHGLDPHPHWURI ]RQHRILQKLELWLRQ ,WZDVREVHUYHGWKDWLQFUHDVLQJWKHFRQFHQWUDWLRQRIVLOYHULQFUHDVHG
WKH DQWLEDFWHULDO DFWLYLW\ RI WKH FRPSRVLWHV $IWHU  KUV RI LQFXEDWLRQ WKH ]RQHV RI LQKLELWLRQ UDQJHG IRU WKH
FRPSRVLWHVIURP PPWR PPDVVKRZQLQ)LJDZLWK%&$JVKRZLQJWKHKLJKHVWDQWLEDFWHULDODFWLYLW\
ZKHUHDV%&SRZGHUGLGQRW VKRZDQ\DFWLYLW\DWDOO
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)LJ  D =RQHRI,QKLELWLRQIRU%&$J &RPSRVLWHVDJDLQVWSDWKRJHQLFVWUDLQV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,WKDVEHHQUHSRUWHGWKDW'1$ORVHVLWVUHSOLFDWLRQDELOLW\DQGFHOOXODUSURWHLQVEHFRPHLQDFWLYDWHGRQ$J WUHDWPHQW
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 7KH %&$J FRPSRVLWHVSURGXFHG ZDVIRXQGWR LQKLELWDOOWKHWHVWHGW\SLFDOSDWKRJHQLFEDFWHULDLQFOXGLQJ 6
DXUHXV ( FROL 3 DHUXJLQRVD DQG 3 SXWLGD 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